Visual decision-making in animals is influenced by innate preferences as well as 16 experience. Interaction between hard-wired responses and changing motivational states 17 determines whether a visual stimulus is attractive, aversive, or neutral. It is however difficult 18 to separate the relative contribution of nature versus nurture in experimental paradigms, 19 especially for more complex visual parameters such as the shape of objects. We used a 20 closed-loop virtual reality paradigm for walking Drosophila flies to uncover innate visual 21 preferences for the shape and size of objects, in a recursive choice scenario allowing the 22 flies to reveal their visual preferences over time. We found that Drosophila flies display a 23 robust attraction / repulsion profile for a range of objects sizes in this paradigm, and that this 24 visual preference profile remains evident under a variety of conditions and persists into old 25 age. We also demonstrate a level of flexibility in this behavior: innate repulsion to certain 26 objects could be transiently overridden if these were novel, although this effect was only 27 evident in younger flies. Finally, we show that a reward circuit in the fly brain, Drosophila 28
Introduction 36
Animals continuously make decisions to survive in a dynamic environment, to for example 37 successfully locate an adequate food source, find a way home, or avoid something 38 dangerous. Behavioral choices are guided by innate preferences or 'instinct', as well as by 39 more flexible cognitive processes such as attention (VanRullen and Thorpe, 2001; Smith and 40 Gøtzsche and Woldbye, 2016) . In Drosophila, an increase in dNPF levels in the brain has 82 been associated with increased aggression (Dierick and Greenspan, 2007) , arousal (Chung 83 et al., 2017) , and reward learning (Krashes et al., 2009; Shao et al., 2017) . Further, dNPF 84 modulates olfactory learning by inhibiting DA neurons that provide positive and negative 85 valence cues to the mushroom bodies (MB) (Zhang et al., 2007; Krashes et al., 2009; Hattori 86 et al., 2017) , a structure that has primarily been associated with olfactory memory (Keene 87 and Waddell, 2007) . Interestingly, dNPF-expressing neurons also project to the fan-shaped 88 body (FB) (Krashes et al., 2009; Kahsai and Winther, 2011) , a CC neuropil associated with 89 arousal (Donlea et al., 2011; Liu et al., 2012) as well as visual behavior (Liu et al., 2006; 90 Weir, Schnell and Dickinson, 2014) . This suggests that dNPF might provide valence cues for 91 visual stimuli, in order to guide visual decision-making. 92
In this study, we investigate visual preferences in Drosophila, to study flexibility in valence-93 based choice behavior along one visual stimulus parameter: object height. Using a closed-94 5 loop virtual reality arena for tethered, walking flies, we find that flies display robust attraction 95 or repulsion behaviors to very specific object heights. We then show that these apparently 96 hard-wired visual preferences can be modified by experience and controlled or overwritten 97 by optogenetic activation of dNPF-neurons. 98 99 Results 100
Visual fixation in a closed-loop virtual reality environment for walking flies 101
A female Drosophila melanogaster fly was positioned on an air-supported ball in the center 102 of a hexagonal LED arena ( Fig.1A, B ). The fly was presented with a visual stimulus (a dark 103 bar on a lit green background, 15°wide and 60° height). Walking of the fly resulted in 104 forward, lateral, and turning movements of the ball. These movements were translated into 105 corresponding movements of the visual stimulus displayed by the LED arena via a camera-106 based closed-loop interface (FicTrac (Moore et al., 2014), Fig. 1C ). This setup allowed the 107 fly to keep the visual stimulus in the frontal visual field (FVF) voluntarily, so we could assess 108 fixation and attention-like parameters. Flies rapidly learned to fixate on the virtual object and 109 increased their fixation significantly over three consecutive 2-minute trials (Fig. 1D, E) . To 110 ensure that flies actively fixated on the object, we introduced visual perturbations, where the 111 stimulus was randomly moved by 60° to the left or to the right every 10-30 seconds. If the 112 flies were actively attending to the stimulus, they rapidly returned it to their FVF within 10s 113 ( Fig. 1F , and see Methods). We found no significant difference in the proportion of 114 successful returns after the perturbations (Mean±SD: Trial1: 83.5±20.6, Trial2: 79.9±28.7, 115
Trial3: 86.8±24.4, ANOVA) or the time taken to return the stimulus to the FVF (Medians: 116 Trial1; 5.8s, Trial2: 6.1s, Trial3: 6.0s, Kruskal-Wallis test), between the three trials ( Fig. 1G , 117 H). Further, there was no significant difference in walking speed during the three trials 118 (Medians: Trial1: 2.7mm/s, Trial2: 2.6mm/s, Trial3: 2.7mm/s, Kruskal-Wallis Test) ( Fig. 1I) . 119 120 6
Flies navigate through a virtual maze to reveal visual preferences and aversions. 121
We next investigated visual decision-making in this paradigm. Not all visual stimuli are 122 intrinsically attractive for Drosophila (Maimon, Straw and Dickinson, 2008) . In order to better 123 understand visual preferences in flies, we implemented a virtual choice maze used 124 previously to study visual preferences in honeybees (Van De Poll et al., 2015) . In this 125 previous experiment, bees were able to choose recurrently between 12 visual stimuli, which 126 were green bars flickering at different frequencies. This operant approach revealed a clear 127 preference/aversion profile for specific visual flickers in bees. We implemented a similar 128 recursive approach for Drosophila flies, to determine visual preferences or aversions among 129 7 (342.1±62.5°). In contrast, medium-sized bars were positioned behind the fly: for example, 148 the 26.25° bar was positioned in the opposite direction (140.9°±70.8°) on average ( Fig. 2E ). 149
The mean direction for the largest (60°) bar and the medium (26.25°) bar were significantly 150 different from each other ( Fig. 2E ), and the 60° bar was chosen significantly more often than 151 the 26.25° bar (Fig. 2D ). Having found that the 26.25° bar was consistently avoided when 152 presented in competition with other bars, we then asked whether it was aversive even when 153 presented on its own. Indeed, when we presented the 26.25° bar on its own (as in Fig. 1 for 154 the 60° bar), flies displayed clear anti-fixation behavior (Fig. 2F ). This confirms that the 155 26.25° and 60° bars are indeed visually 'repulsive' and 'attractive', respectively, and that our 156 operant virtual maze design can effectively uncover these innate visual preferences. 157
We next investigated whether these innate visual preferences persisted through life, in older 158 female flies. Older flies (17-40 day) displayed a remarkably similar choice profile as the 159 younger (5-10 day) flies ( Fig. 3A) , again choosing the 60°bar significantly more often than 160 the 26.25° bar. Interestingly, the smallest bar (3.75°) became attractive to older flies, to a 161 similar level as the largest bar. Older flies showed a significant fixation for the 60°bar and an 162 anti-fixation for the 26.25° bar, with a significant difference in mean vector direction between 163 these objects ( Fig. 3B ). However, there was no significant difference in mean vector length 164 between the young and old dataset, for these two visual objects ( Fig. 3C ). This indicates that 165 the quality of fixation (and anti-fixation) remains robust with age. Interestingly, old age 166 significantly decreased novelty-seeking behavior in this paradigm ( Fig. 3D Lux) did not alter the choice profile of young wild-type female flies, although more significant 186 effects were noted (Fig. 4A ). The 60° bar was still chosen significantly more often than the 187 26.25° bar, and the mean direction of each bar position for these objects was still 188 significantly different ( Increasing the contrast by increasing the red background luminosity (RGBA: 0.75, 0.0, 0.0, 200 1.0) still showed a flat choice profile with no significant differences between bar choices as 201 10
In the preceding experiments, we have attempted to query the fly's motivational state by 227 examining effects of age, habituation, and stimulus parameters. We next attempted to 228 modulate visual preferences by directly manipulating Drosophila brain circuits that have 229 been associated with motivational states, such as neurons that express neuropeptide F 230 (dNPF) (Shao et al., 2017) . dNPF has been associated with reward in Drosophila ( 6D, lower panel). Activation of dNPF-expressing neurons had no effect on selection of the 249 60° bar, but selection for the 26.25° bar was significantly increased (Fig. 6E ). This was also 250 reflected by the vector length and orientation, which remained unchanged for the large bar 251 but decreased (due to decreased repulsion) for the smaller bar ( Fig. 6F, G) . Altered behavior 252 toward the smaller bar was not due to altered walking speed, which remained unchanged 253 ( Fig. S2 2 A) . Increased attraction to the smaller bar was also evident in retinal-fed flies 254 returning this object to their FVF more often, compared to controls, after a perturbation event 255 ( Fig. S2 B) . Thus, negative visual valence can be eliminated by acute dNPF circuit 256 activation. 257 258
Activation of dNPF neurons transiently reduces aversion and is a positive cue 259
Since activation of the dNPF pathway is associated with olfactory learning in Drosophila 260 Flies lost their aversive behavior towards the small bar by trial 5 (Fig. 4B) , showing no 268 significant difference in mean choice behavior in trials 5 and 6. However, as soon as the 269 dNPF circuit was no longer being activated (trial 7), flies returned to their innate preferences. 270
This suggests that the 26.25° bar was rendered transiently attractive by the operant reward 271 paradigm -and was at least equivalent in valence to the 60° bar -but that the valence effect 272 did not persist beyond the training session. 273
To ensure that we had altered valence rather than merely causing indifference to the 274 competing bars, we devised a different operant learning experiment, where flies were 275 rewarded (by activating NPF-expressing neurons) only when they placed an object (the 60° 276 bar) in a specified quadrant of the arena (Fig. 8A ). Flies were first tested for baseline fixation 277 behavior, which for the larger bar is naturally directed towards the FVF (Fig. 8A, B with flies accordingly placing the bar in those respective quadrants in closed loop ( Fig. 8 A, B 283 third and fourth panels). This shows that activation of the dNPF circuit is indeed rewarding, 284
and not simply abolishing visual behavior. Additionally, after every experiment, we asked 285 whether flies continued to place the bars in these previously-rewarded locations, by testing 286 the flies again in a two-minute trial without activating dNPF neurons (see Methods). 287
However, flies immediately returned to keeping the stimulus in their FVF after the operant 288 training ( Fig. 8 A, All animals display strong innate preferences, being attracted to some stimuli and repulsed 294 by others, which influences their ultimate decisions and actions. With odors, this easily 295 relates to chemicals relevant to an animal's survival in a specific environment: the smell of 296 rotten food is repulsive to humans but attractive to a fly. Visual stimuli are more difficult to 297 assign valence, as these tend to be highly context dependent (Heisenberg, preferences within a larger valence spectrum for object size, particularly bars of different 319 heights but same width. In this paradigm, flies are able to reveal their visual preferences, by 320 iteratively selecting competing objects in a recurrent binary choice design. We find that 321 visual preference profiles are remarkably robust, with larger bars remaining more attractive 322
and smaller bars repulsive even as flies age, or when they are exposed to different visual 323 experiences, such as different background colors, and luminosities. Earlier studies have 324
shown that these visual stimulus parameters can affect a fly's attention and therefore 325 learning behavior (Koenig, Wolf and Heisenberg, 2016) . We did find, however, that flies 326 fixate on innately repulsive objects if they are perceived as novel, suggesting that an internal 327 switch exists for over-riding these deeply-entrenched valence effects. This novelty effect that 328 under cold anesthesia (0.5°C) for 60s and positioned for tethering on a custom made 394 preparation block. The flies were then glued dorsally to a tungsten rod by means of dental 395 cement (Coltene Whaledent Synergy D6 Flow A3.5/B3) ( Fig. 1B) and cured with blue light 396 (Radii Plus, Henry Schein Dental). In order to avoid wing movements and to encourage 397 walking of the fly, its wings were tethered to the tungsten rod by folding them against the rod 398 and using dental cement for fixation. Additionally, to stabilize the head, it was fixed by 399 applying dental cement to the neck of the fly (Paulk et al., 2015) . After tethering, the animals 400 were provided with water and allowed to rest for about 60 minutes before testing. Sinorad Medical Electronics Inc.) (Fig. 1A) . In its center, a visually patterned, air-supported 406
Styrofoam ball (40mg, 15mm diameter; Spotlight Ltd. Pty.) was used as walking medium for 407 the tethered flies (Fig.1 B) . For positioning of the flies on the ball, a 6-axis micromanipulator 408 (Edmund Optics) was used. The setup was additionally illuminated by three 40W bulbs in 409 order to provide adequate lighting for tracking the fly and ball movements by a camera (Point 410 (Straw, 2008) . FicTrac extracted the lateral 418 movement (X), the forward movement (Y) and the rotation of the ball (turning ΔѲ) (Fig.1C ) 419 and calculated a fictive path of the fly movements which then resulted in a 1:1 translation 420 between the movement of the ball and the rotation on the stimulus within the 360° arena 421 (25ms delay). 422
To induce Chrimson activation, three orange-red LED lights (Luxeon Rebel, 617nm, 700mA, 423 LXM2-PH01-00700) were mounted around the arena, focusing on the center of the arena. 424
The activation and inactivation of the red LED lights was linked to the position (Fig. 6-7) and 425 size (Fig. 6 ) of the stimulus, provided by FicTrac and controlled by a BlinkStick (Agile 426 Innovative Ltd), and a LED controller board, driven by a custom written Python (2.7) script. 427
For these experiments, position thresholds triggered the activation and inactivation of the 428 LEDs. In Fig. 6 for example, LED activation was induced via BlinkStick when the 26.25° bar 429 was positioned by the fly in-between 330°and 30° (FVF). 430
A lux meter (LX101BS) was used to determine luminosity of the background and the visual 431 stimuli and the mean calculated from four independent measurements. The red color of the 432 stimulus was within 1.5% error of the mean cyan background in Fig. 4 In order to examine general fixation, the flies were exposed three times 2 minutes in 443 succession to a solid black (unlit) bar on green (555nm) background. The bar was 15° (8px) 444 wide and 60° (32px) high (Fig. 1C ) or 15° (8px) wide and 26.25° (14px) high ( Fig. 1A-C ). If a 445 fly was fixating on the bar, it kept the stimulus within its frontal visual field (FVF), which was 446 defined as the width of the frontal panel (32px (60°)) ( Fig. 1) . Random perturbations were 447 used in order to determine the quality of fixation. The bar was displaced every 10-30s by 448 60° (32px) to the left or to the right. The threshold for a successful repositioning was 10 449 seconds, or less. 450 451
Multiple choice maze 452
For the multiple choice maze, a set of 12 different visual stimuli was presented to the fly 453 (Van De Poll, Zajaczkowski, Taylor, Srinivasan, & van Swinderen, 2015). The stimuli were all 454 solid black (red) bars on green (red/cyan) background and 15° wide with different heights 455 ( Fig. 2A, B) . The center of the bars was linked to the vertical center of the LED panels, so 456 differences in bar height resulted in a symmetrical change. The flies were exposed to two 457 competing stimuli, stimulus 1 and stimulus 2, always 180° apart, such that only one could be 458 fixated upon at any point in time (Fig. 2C) . A stimulus was regarded as successfully chosen 459 when the fly walked a distance of 7cm and mostly fixated on one of the competing stimuli 460 (usually 20-50s, for further details see Van de Poll et al., 2015) . The unfixated stimulus was 461 then replaced by a new stimulus (Fig. 2B) . Subsequently, the fly had to choose again 462 between the previously fixated/chosen stimulus (continuation) and the new (novelty) stimulus 463 ( Fig. 3C) . This allowed us to study choice behavior in a historical context. The experiment 464 wa s ended after the flies were exposed to at least 80% of the possible choices, which 465 resulted in experiments between 40-60 mins typically depending on the walking speed of the 466 flies. 467 468
Habituation experiment 469
For the habituation experiments in Fig. 4 , flies were pre-exposed either to a single 60° or a 470 26.25° high bar for three consecutive 2 minute trials as described for the single-bar fixation 471 experiments. Directly after the three consecutive trials the flies were presented with the 472 multiple-choice maze as described above. There was a 10 second break between all trials 473
where the flies walked in the arena without visual stimulation. Innovative Ltd). Each position was tested for three consecutive 2 minute trials. Fixation was 498 averaged across these three trials (no significant difference was found between trials, 499
Watson-Williams-test, α=0.05, data not shown). Every time after one side was tested for 500 fixation, we returned to a 2 minute trial of single bar fixation without optogenetic activation in 501 order to test if there was a visible learning effect. To test for an immediate learning effect we 502 extracted 20 seconds from this trial and analyzed the mean direction of the bar position after 503 21 dNPF stimulation. After we did not observe any significant learning effect for all directions 504 compared to control trials (fixation without LEDs activation) (Watson-Williams-test, α=0.05, 505
data not shown) we averaged the first trial without dNPF activation after the dNPF activation 506 for all sides and titled it 1. TRIAL LED OFF. 507 508 Immunohistochemistry and Imaging 509 dNPF-Gal4,UAS-mCD8::GFP flies were collected under CO2 anaesthesia and dissected on 510 cold 1xPBS. Samples were then fixed with 4% paraformaldehyde diluted in PBS-T (1xPBS, 511 0.2 Triton-X 100) for 20 min, followed by 3x20 min. washes in PBS-T. They were then 512 blocked with 10% Goat serum (Sigma Aldrich, St. Louis, MO, USA) for 1h and incubated in 513 primary antibody overnight. We used mouse antibody to nc82 (1:100, Developmental 514
Studies Hybridoma Bank (DSHB) and rabbit antibody to GFP (1:1000, Invitrogen). After 3x 515 20 min. washes with PBS-T, secondary antibody was added and the tube was covered with 516 aluminum foil for overnight incubation. We used AlexaFluor-488 goat anti-rabbit (1:250, 517
Invitrogen) and AlexaFluor-647 goat anti-mouse (1:250, Invitrogen) as secondary antibodies. 518 FicTrac datasets were imported for offline analysis in MATLAB 2015b as well as in 529 GraphPad Prism 7.0. In order to analyze fixation, bar positions were converted into polar 530 coordinates and their mean vector length calculated using the Circular Statistics Toolbox for 531 MATLAB (Berens, 2009 ). Furthermore, the distribution of the bar positions and the mean-532 vector length was tested for non-uniformity using the Rayleigh test (p<0.05 (*), p<0.01(**), 533 p<0.001 (***)). Mean-vectors of fixation were weighted amongst animals and trials and 534 tested for statistical significance using the Kruskal-Wallis test (significance level α=0.05). 535
The mean-direction of the mean vectors was compared using the Watson 
